Possible adaptations to a low protein intake are: a decrease in the obligatory nitrogen loss, which would be too small to detect in short-term studies, but would be signi®cant over a longer term; an increase in the ef®ciency of protein utilization, which has been demonstrated in depleted subjects; and a decrease in lean body mass, mainly at the expense of muscle. However, we do not know the extent to which this last mechanism may really be an adaptation without signi®cant functional loss.
Introduction
I have been writing about adaptation to low intakes of energy and protein for many years and I must ask your forbearance for a good deal of repetition of what I have said earlier. Three kinds of adaptation may usefully be distinguished Ð genetic, physiological and behavioural (Waterlow, 1985a) . The most relevant to the present discussion is physiological adaptation, but there are some areas of overlap. Biologists speak of genetic adaptation Ð the developments of form and function that allow an organism to survive and reproduce in whatever environment it inhabits. To me this use of the word seems to be a tautology (Brandon, 1996) . However, it is probably reasonable to suppose that there is genetic variability in the capacity to make physiological adaptations and that some people, or ethnic groups, may be more adaptable than others. The capacity of the Bushmen of the Kalahari to withstand cold is an example that comes to mind. At the other end of the scale are the adaptations that I call ergonomic Ð subtle changes in gait or methods of doing work that derive from long practice and experience.
The key point about physiological adaptation is that it represents the achievement of a new or different steady state compared with the person who has not been required to adapt. The difference from homeostasis is that this term represents maintenance of the same steady state, depending on regulatory factors that resist any change imposed on the system. This, as I understand it, is Claude Bernard's maintenance of the ®xity of the internal medium.
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Another difference between homoeostasis and adaptation is the time-scale. We can visualize the former as operating from minute to minute or hour to hour in the face of external¯uctuations, whereas adaptation represents a slower response to some continuing change in the environment. There are, of course, a number of mechanical or electrical analogies that illustrate the difference (Waterlow, 1985b ) Ð but that is enough about terminology.
Protein metabolism Ð possible adaptations
According to traditional ideas, at the macroscopic level we can distinguish four components of protein metabolism: the obligatorynitrogenloss(OL);theef®ciencyofnitrogenutilization, the fasted ± fed rhythm; and the lean body mass (LBM).
Can those who are exposed life-long, or perhaps for several generations, to low intakes of protein reduce their OL? According to the data collected some 20 years ago by Nicol & Phillips (1976a) and by Bodwell et al, (1979) , OLs were more or less the same, regardless of ethnic group, except that the faecal loss was somewhat higher in Indians and Nigerians than in Americans. This in itself is curious: can a reduction in urinary N loss compensate for the higher faecal loss? Similar results were obtained in studies organized by the UNU (Torun et al, 1981) : no real difference in OL between different groups but a slightly but not signi®cantly lower OL in Orientals. The SD in most studies was about 10%. A consistently lower OL of only 2 mgakgad, although statistically insigni®cant, would over *Correspondence: JC Waterlow, 15, Hillgate Street, London W8 7SP 1 It is interesting that although Claude Bernard' dictum``La ®xite Â du milieu inte Ârieur est la condition de la vie libre'' has been quoted with reverence by physiologists for more than 100 years, that great teacher, Barcroft, took a different line. He says``The principle enunciated by Claude Bernard, if dressed up in modern language, seems to me just a little grotesque. To say that the temperature of the body is adjusted to the tenth part of 1% on the absolute scale, or the hydrogen ion concentration to the hundredth part of a pH so that the organism may maintain a free life, is surely to make a very ill balanced statement. The accuracy of the ®rst clause contrasts almost comically with the vagueness of the second'' (Barcroft, 1934) .a year represent a saving of lean body mass of about 1.4 kg. Such a small difference would be almost impossible to establish, so we can but put a query against a fall in OL as a possible component of adaptation.
As for ef®ciency, I have never been able to understand why people on a maintenance or sub-maintenance intake of good quality protein can only utilize it with an ef®ciency of about 70%. Two examples that I know of in which protein was utilized at virtually 100% ef®ciency are our studies on children recovering from malnutrition (Chan & Waterlow, 1966) , and the work of Nicol and Phillips (1976b) on Nigerian labourers, who utilized egg-protein added to a protein-free diet far more ef®ciently than subjects in California. I used to call these Nigerian subjects adapted whereas Nevin Scrimshaw used to maintain that they were depleted. Probably we were both right; the only rational meaning of`depleted' is a reduced lean body mass. This reduction could be regarded as a stimulus for an adaptive increase in ef®ciency, but how it is brought about remains a mystery, at least to me.
The fasting ± feeding cycle has to be taken into account in any description of protein metabolism (Clugston & Garlick, 1982; Price et al, 1994) . Its existence makes even more mysterious the mechanism by which nitrogen balance is maintained. However, I do not at present see how any change in the amplitude of the cycle could produce an economy of nitrogen or represent an adaptive change.
Finally, we come to the lean body mass (LBM). In an earlier paper I pointed out, what is indeed obvious, that a person on a sub-maintenance protein intake, provided that it is not too low, will eventually come into N equilibrium at the expense of some loss of LBM (Waterlow, 1985a) . The question is: at what point does this loss begin to matter in functional terms? I agree with Millward's suggestion that there is probably a set-point or upper limit to the LBM, beyond which it will not increase, however high the protein intake (Millward, 1995) , just as there appears to be an upper limit for albumin or haemoglobin concentration. But below this limit there must be a range of levels of LBM that are adequate or acceptable. Moreover, the LBM is not a unity. As LBM is lost the pattern of organs and tissues changes: the brain is almost completely preserved, and liver and visceral organs partly preserved at the expense of muscle and skin (Waterlow, 1992) . In the poor Indian labourers described by Shetty and his colleagues, almost all the reduction in LBM, compared with controls, was in the muscle mass (Soares et al, 1991) . The success or otherwise of this adaptation must be judged by the importance that is attached to muscle and absolute physical strength. What is needed is a kind of titration of speci®c functions against LBM, to ®nd out the shapes of the curves and where the breakpoints come at which adaptation through loss of LBM begins to fail (Waterlow, 1990b) . Moreover, it is necessary to consider whether the function is adequate to maintain a certain way of life, in which case Shetty's labourers would seem to be fairly well adapted Ð but with this approach we run the risk of being accused of smug satisfaction with the status quo; or should we accept nothing less than optimal function? Is there perhaps a genius like Ramanujan hidden among these labourers (Kanigel, 1991) ? In assessing thè success' of adaptations it is impossible to get away from value judgements. To be practical rather than idealistic, the best we can do is probably to de®ne rough and ready cut-off points of LBM, as we tried to do for the body mass index (James et al, 1988 ).
Adaptation to low energy intakes
The idea that for a given activity level the ratio of total energy expenditure to BMR (the PAL) is independent of body weight depends on the assumption that all physical activity involves moving the body. Haggarty et al (1997) have now produced a study showing that the PAL is not independent of body weight. At a given level of physical activity the PAL of a person weighing 70 kg, if applied to one weighing 40 kg, will overestimate his real PAL. Does this represent some kind of adaptation by the lighter person? The authors leave the matter open. Perhaps the discrepancy can be explained along the following lines: in the series of Haggarty et al (1997) there was an evident correlation between body weight and body fat; heavier subjects were on the whole fatter. The extra adipose tissue will have only a small effect on the BMR, but the extra weight of it will have a big effect on the cost of work, and so produce a higher PAL. This is not exactly an adaptation but an inevitable consequence of the generally different body composition of low weight and high weight people. Many of us have calculated the saving in energy expenditure, both on BMR and on physical activity, that is a consequence of a low body weight (Ferro-Luzzi, 1988; Waterlow, 1990a Waterlow, , 1998 . These new data on the PAL indicate that the saving may be greater than we thought, by an amount that is not negligible.
What I have called ergonomic adaptation seems to me very important. It differs from behavioural adaptation in that it does not involve any changes in the activities of life, but only in the way in which they are carried out. The speed of walking and working, the length of stride, the way in which a load is carried, all affect the energy cost (for example, Maloiy et al, 1986; Jones et al, 1987) . Probably people who habitually do a lot of physical work learn from long experience the most comfortable and energetically cheap way of doing it. Most published work that I have seen relates to soldiers. I suggest that the nutritional implications of physiological ergonomics have not been adequately explored. Such studies should not be too dif®-cult compared with the search for metabolic adaptations.
There has been much discussion of this subject of metabolic adaptation; whether people exposed to chronic energy de®ciency can adapt by greater ef®ciency in converting food energy to mechanical or chemical work. James et al (1990) stated that adaptive changes in energy expenditure are far less than previously believed. Shetty (1993) has reviewed this question and concludes that as far as BMR is concerned``an increase in metabolic ef®ciency F F F is of doubtful existence''. His summary of the experimental evidence suggests that the same applies to the mechanical ef®ciency of physical work; the results are rather contradictory. Nevertheless, there is some evidence for an increase in the delta ef®ciency of mechanical work, as found in studies by Kulkarni and Shetty (1992) in chronically energy-de®cient Indian labourers; by Strickland and Ulijaszek (1990) in Ghurkas compared with British soldiers; and by Spurr et al (1998) in lactating women compared with the non-pregnant non-lactating state.
It is worth speculating on possible mechanisms that might lead to an increase in metabolic ef®ciency. Two come to mind. The ®rst is an increase in the PaO ratio of mitochondrial oxidation. The greater part of the body's energy expenditure is on the synthesis of ATP rather than its utilization. About 25% of the energy involved in ATP synthesis is dissipated in the mitochondrial proton leak (Rolfe & Brown, 1997) , the extent of which is reduced in hypothyroidism, so that it would be an advantage to be mildly hypothyroid (Brand et al, 1993) . The only measurement of the PaO ratio in the intact human being that I know of is the ingenious and elegant study of Flatt et al (1984) . Perhaps when nuclear magnetic resonance eventually becomes available in less developed countries it will be possible to test this hypothesis.
The second possible mechanism of adaptation, and one in which I have long been interested, is an increase in the proportion of slow to fast muscle ®bres, because slow ®bres generate more force per unit ATP hydrolysed (Crow & Kushmerik, 1982; Nwoye & Goldspink, 1981) . This ®nding is based on physiological measurements on isolated muscles. It may be a large step to extrapolate these ®ndings to the whole body, as it generates all the different muscular contractions of real life, but Goldspink (1975) argues convincingly on this point. The proportions of different muscle ®bre types in different muscles is said to be genetically determined, although it can also be in¯uenced by environmental factors, such as aerobic training (Booth & Thomason, 1991) . I think it would be worthwhile to undertake a study of ®bre type distribution in the muscles of people with life-long exposure to low energy intakes.
In the old days measurement of BMR was the classical test of thyroid activity. It is in fact remarkable how many of the factors concerned with energy transduction are in¯u-enced by the thyroid (Table 1) . One might expect mild hypothyroidism to be a very ef®cient adaptation. Unfortunately there appears to be little information on this point. The only relevant study that I know of is the ®nding by Soares et al (1991) of a 20% decrease, compared with controls, in plasma T3 in chronically undernourished Indian labourers.
Finally, the duration of nutritional stress must be of great importance in determining whether and how adaptations occur; probably it is not only the duration but the route by which a given state of undernutrition has been reached. In the literature on adaptation reference is often made to the classical study of semi-starvation by Keys et al (1950) .
After 6 months the subjects' BMI was about 16 and the BMRakg fat-free mass had fallen from the initial level by 15%. From our studies on children with severe PEM, such a fall in BMR would be of ill omen (Waterlow, 1990c (Waterlow, , 1992 . At this stage Keys' subjects were in a state of collapse, both physically and mentally. In contrast, consider the undernourished urban workers (UNU) described by Soares et al (1991) . They were compared with subjects from an upper socio-economic class, but with a low body weight (UWU). Some of the salient points in this comparison are shown in Table 2 . The two groups have a similar BMI, close to that of Keys' semi-starved volunteers. The UNU group are 11 cm shorter than their better-off peers, suggesting a degree of stunting and undernutrition from childhood. The BMRs, when normalized for body size by relation to fat-free mass, were the same in the two groups. When adjusted by ANCOVA to correct for fat-free mass, which is a different procedure, the BMR was 6% lower in the UNU group Ð a much smaller de®cit than in Keys' subjects. Presumably the UNU labourers, as I have suggested above, were able to preserve a fairly normal life-style. This double comparison, with Indian controls on the one hand and with the American volunteers on the other, shows very clearly the importance for successful adaptation of the route by which, or the time over which, a given state of depletion is achieved, as shown by the BMI.
My belief is that there are a number of factors that may promote adaptation to low energy intakes. They are small and therefore dif®cult to measure, but the integrated result may be signi®cant. Soares et al (1991) . UWU underweight subjects from upper socio-economic class.
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